No catalase activity was detected in four strains of glucose-grown Mycoplasma pneumoniae at any time during the replication of the organism. Exogenous catalase dramatically increased the 02 uptake with glycerol, presumably by releasing inhibition caused by hydrogen peroxide. The effect of added catalase on the 02 uptake of washed organisms with glucose as substrate was moderate and variable in degree. The production of hydrogen peroxide was demonstrated by the quantitative enzymatic assay for inorganic peroxide and by the fact that added pyruvate, which is nonenzymatically oxidized by H202 to acetic acid and CO2 could mimic the action of catalase.
No catalase activity was detected in four strains of glucose-grown Mycoplasma pneumoniae at any time during the replication of the organism. Exogenous catalase dramatically increased the 02 uptake with glycerol, presumably by releasing inhibition caused by hydrogen peroxide. The effect of added catalase on the 02 uptake of washed organisms with glucose as substrate was moderate and variable in degree. The production of hydrogen peroxide was demonstrated by the quantitative enzymatic assay for inorganic peroxide and by the fact that added pyruvate, which is nonenzymatically oxidized by H202 to acetic acid and CO2 could mimic the action of catalase.
Studies of metabolic patterns of Mycoplasma pneumoniae are of interest in that they may lead to a better understanding of the organism's relationship to other members of the genus Mycoplasma and to bacteria.
During oui studies of carbohydrate metabolism of M. pneumon ae, two aspects became of interest: (i) the absence of catalase activity in M. pneumoniae, and (ii) the effect of added catalase on substrate utilization.
MATERIALS AND MEHODS
The following strains of M. pneumoniae were used: (i) the Mac strain, isolated in the 1940's, cultured on artificial medium from the 79th chick embryo lung passage, (ii) the FH strain isolated by C. Liu in the mid-1950's, kindly provided by L. Hayflick, (iii) the Bru strain, ATCC 15377, isolated directly on artificial medium by W. A. Clyde, and (iv) the Bart strain, received as the third agar passage after isolation from a recent primary atypical pneumonia case by R. Kundsin. Most of the work was done with the Mac strain at the 14th passage on artificial medium, but both early and adapted agar passages were tested.
The organisms were grown in shaking cultures. The medium used was that of Chanock, Hayflick, and Barile (3), with the addition of 1% dextrose and phenol red and with decreased concentration of horse serum (from 20 to 15%) and yeast extract (from 10 to 7.5%).
Log-phase organisms were harvested when the pH had dropped from 7.8 to 7.2 but well before acid accumulation had reached toxic levels, as previously determined from growth curve studies (11) . The decrease in pH occurred at 7 days for early passages and 3 to 4 days for well-adapted passages. The organisms were centrifuged in a Sorvall centrifuge at 37,000 X g for 1 hr, washed once in 0.01 M phosphate buffer, and then resuspended in the same buffer to give a 10% cell suspension by volume.
Since determinations of optical density, nitrogen, or dry weight did not reflect accurately the physiological state of the cultures, viable counts were made. Standard Warburg manometric determinations were done. Each flask contained 109 CFU (colony-forming units) of M. pneumoniae in 0.3 ml, with substrates or other reactants added in 0.1-ml volumes at the final concentrations indicated on each figure; appropriate amounts of phosphate-saline buffer were added to make a total volume of 1 ml. Since bacterial contamination could alter the Warburg results, sterility tests were done on each flask.
Catalase was determined by the method of Bonnichsen, Chance, and Theorell (2) . The material to be assayed was added to a 0.01 M solution of H202 in phosphate buffer. The (Fig. 1) . Catalase had no effect on the endogenous respiration. Also, controls containing substrates, with or without catalase, showed no oxygen uptake, whether run without or with inactivated cells.
It was also observed that added pyruvate mimmicked the action of catalase at varying substrate concentrations ( Fig. 2 and 3) . At the lowest glycerol concentrations of 1.25 and 2.5 mm, the addition of 5 mm pyruvate allowed even higher 02 uptake than with catalase. With higher glycerol levels of 10 and 20 mm (Fig. 3) , pyruvate at the 5 mM concentration was less effective than catalase, but doubling the pyruvate concentration allowed comparable 02 uptake for the first 2 hr. The 02 uptake due to pyruvate alone during the time of these experiments was usually negligible, as shown by the control line in Fig. 3 . With one exception (shown in the second line of Fig. 2 ) where some O2 uptake was noted, pyruvate, over a concentration range of 2 to 200 mm, rarely had an 02 uptake higher than the "endogenous" respiration. These data once more suggested the production of H202, since it is known that pyruvate is nonenzymatically oxidized to acetic acid and CO2. Some time after the completion of these studies, M. pneumoniae began to show 02 uptake with pyruvate as substrate; we repeated all the experiments reported in this paper to assure that no other change had occurred in the metabolism of the organism.
Other evidence of H202 production was the direct titration with KMnO4. In the flasks containing M. pneumoniae, glycerol, and catalase, no permanganate reacted beyond that expected from the blanks and controls. In the flasks with the organisms, glycerol, and heat-inactivated catalase, where 02 uptake was inhibited, a small but significant permanganate titration was demonstrable; addition of fresh catalase prevented this permanganate reaction.
The enzymatic assay for inorganic peroxides provided more quantitative evidence for the production of a peroxide, presumably H202. Table 1 shows that 52 to 55 ,ug (approximately 1.5 ,umole) of H202 formed per 109 glucosegrown, washed mycoplasmas, with glycerol as substrate over a 10-fold range of concentrations. A small amount of peroxide could be detected in the cells without substrate, but none was detected in those with glucose or catalase, in the heatinactivated cell controls, or before incubation. The peroxide was formed within the 1st hr; further incubation had no effect on the total amount of H202 detected. Once the peroxide was formed, addition of catalase no longer stimulated 02 uptake with glycerol as substrate; presumably this was caused by the toxic effect of the accumulated peroxide on the organism's respiration.
Enhancement of 02 uptake by catalase in the presence of glucose was not as clear-cut, since glucose by itself markedly stimulated respiration with substrate utilization (Fig. 4 ). An average differential of 20 ,uliters of 02 was statistically significant. Addition of pyruvate also tended to increase glucose utilization, but the results were irregular. In short, the data are consistent with detectable H202 production that is quite variable and smaller in quantity than during glycerol oxidation.
That the amount of H202 freely available must be quite small is borne out by the data in Table 1 , which show no detectable (i.e., less than 1 ,iM) H202 accumulation with glucose as substrate unless M. pneumoniae was pregrown in glycerol.
Experiments on the effect of exogenous H202 showed no inhibition of 02 uptake with glucose until levels over 100 ,uM were reached. Concentrations of exogenous H202 up to approximately 300j,M became undetectable after incubation in flasks with viable organisms, as long as glucose was offered as substrate, but H202 was still present in those flasks with heat-inactivated M. pneumoniae.
Glycerol-grown cells. Recent studies with glycerol-grown (rather than the standard glucosegrown) cells showed marked inhibition of 02 uptake with glucose unless catalase was added (Fig. 5) . Table 1 showed greatest sensitivity to iodoacetic acid, the SH group inhibitor used as a blocking agent oftri-0.2% glucose ose phosphate dehydrogenase activity. There was + catolose 50% inhibition at 0.001 M and a 100% inhibition at 0.01 M. The inhibitor studies showed moderate % glucose sensitivity to NaF, an inhibitor mainly of enolase ca9tltse activity; 100% inhibition was reached only at 0.1 M concentration. The 40% inhibition at 0.01 M could be completely reversed by 0.005 M pyruvate.
DISCUSSION
The lack of catalase activity in four strains of M. pneumoniae seemed unrelated to the stage of the growth cycle or the number of passages on artificial medium. This agrees with the findings°.
;}7 for most other mycoplasmas (23) . A notable glucos exception was the demonstration of catalase activity in M. mycoides reported by Rodwell and -*cotolase + Rodwell (15) , who measured 02 evolution from H202. However, Freundt (6) found no catalase activity with his strains of M. mycoides. The other on 0, uptake positive report was Lecce and Morton's qualitaburg system: tive findings in the Campo strain (10) and in M. (14) , where the amount of HO2 formed was quite variable, though some decrease in 0, uptake was also noted with catalase. Keilin (17) found the peroxidation mechanism with Streptococcus faecalis B33A to be acquired under highly aerobic conditions, so that no H2O2 accumulated and added H202 could be removed from the medium during the metabolism of certain substrates, including glucose.
Most of the literature on bacteria and hydrogen peroxide deals with the toxicity of exogenously added peroxide. The most extensive data are those of McLeod and Gordon (13) , which give inhibitory levels of 27 to 85 pug/ml under aerobic conditions for the catale-negative, peroxide-producing class of bacteria most comparable to M. pneumoniae.
Thus, the amounts of peroxide produced and the toxic levels of exogenous peroxide with M. pneumoniae are within the range of bacterial systems. However, a greater sensitivity may be implied since with the glycerol system of S. faecalis (7) (20) .
These findings have been related to virulence by Chanock (4) , who postulated that alteration of the red blood cell surface by the hemolysin resulted in a new antigen and production of antibody, specifically cold agglutinins, and by Somerson et al. (19) , who suggested a direct action of the peroxide on cells of the respiratory tract. The similarities in metabolism of M. pneumoniae to M. mycoides and some of the streptococci continue to intrigue us, and we hope to continue to explore the physiology of M. pneumoniae and to discern other similarities and differences with reference to M. pneumoniae's theoretical bacterial ancestors and their L forms.
At present, the presence of an aerobic glycerol pathway with hydrogen peroxide formation, the lack of catalase, the resistance to methylene blue VOL. 95, 1968 
